[1] Eocene Thermal Maximum 2 (ETM2 or H1; $53.7 Ma) represents a short-lived warming episode, associated with the injection of a large mass of 13 C-depleted carbon into the ocean-atmosphere system. The mass of injected carbon, the extent of deep sea dissolution, and the amount of warming during ETM2 appear to be approximately half of those documented for the Paleocene-Eocene thermal maximum (PETM, $55.5 Ma), but the pattern of lysocline migration during ETM2 has not yet been documented sufficiently to decipher potential differences in carbon sources and sequestration mechanisms. We present high-resolution carbonate dissolution and bulk stable isotope records across ETM2 and the successive H2 event ($53.6 Ma) on a common age model for four sites along the Walvis Ridge depth transect (1500 to 3600 m paleowater depth) to assess lysocline evolution. The onset of ETM2 is characterized by multiple, depth-dependent transitions of carbonate dissolution (up to $96% of the total flux), associated with rapid depletions in bulk carbonate carbon (up to $1-1.5%) and oxygen (up to $0.7-1.5%) isotope values. H2 shows a $0.7% negative carbon isotope excursion, with a coeval decrease in d
Introduction
[2] Superimposed on the late Paleocene through early Eocene warming was a prominent, short-lived warming phase referred to as the Paleocene-Eocene Thermal Maximum (PETM; $55.5 Ma) [Kennett and Stott, 1991; Zachos et al., 1993] . This event was marked by a transient, pronounced negative excursion in stable carbon isotope (d 13 C) in marine and terrestrial sedimentary components and severe deep sea calcium carbonate dissolution [e.g., Kennett and Stott, 1991; Thomas and Shackleton, 1996; Zachos et al., 2005; Schouten et al., 2007] , indicative of the (rapid) release of large amounts of 13 C-depleted carbon into the ocean-atmosphere system. Both the source of the carbon and mode of carbon injection are under vigorous debate [Dickens et al., 1995 [Dickens et al., , 1997 Kurtz et al., 2003; Svensen et al., 2004; Higgins and Schrag, 2006; Pagani et al., 2006; Sluijs et al., 2007a Sluijs et al., , 2007b Moore and Kurtz, 2008] . Regardless of its source, the mass of carbon added was almost certainly > 2000 Gigatons [Dickens et al., 1997; Panchuk et al., 2008] .
[3] The PETM may represent the extreme example in a series of similar events called hyperthermals [Thomas and Zachos, 2000; Lourens et al., 2005] . Stable carbon isotope records spanning the late Paleocene and early Eocene show numerous short-lived d 13 C depletions or transient excursions, termed A to L, and have been linked to maxima in the Earth's orbital eccentricity cycle [Cramer et al., 2003] . Recently it has been shown that the H1 excursion corresponds to a prominent warming event, and this event has been named Eocene Thermal Maximum 2 (ETM2; $53.7 Ma) [Lourens et al., 2005] . The PETM and ETM2, as well as other short-lived transient events, may have been triggered by a similar orbital-related forcing mechanism [Lourens et al., 2005; Westerhold et al., 2007] and would therefore require a source that may have repeated carbon injections.
[4] During the PETM, significant environmental change slightly preceded the onset of the CIE, suggesting that the CIE was in part a feedback reaction to already rapidly changing conditions [Sluijs et al., 2007b] . Such a scenario is consistent with the release of methane hydrates [Dickens et al., 1995] , but similar detailed evidence is not yet available for ETM2, partially because no records with sufficient temporal resolution have been published. As yet, documentation of the presumed hyperthermals is insufficient to unravel whether they share a similar origin.
[5] Records of the PETM and ETM2 have been recovered during Leg 208 on Walvis Ridge (SE Atlantic Ocean, Figure 1 ). In the sedimentary record, these events are marked by distinct red clay-rich layers (in case of ETM2 referred to as the Elmo horizon) [Lourens et al., 2005; Zachos et al., 2005] . During the PETM, the lysocline and calcite compensation depth (CCD) shoaled by at least 2 km in this region [Zachos et al., 2005] . The recovery was gradual, with the onset of increased carbonate preservation at the shallowest Site 1263 after $10 to 15 ka of the CIE onset, only after $60 ka at the deepest Site 1262. By $110 ka, carbonate content had fully recovered at all sites, with carbonate concentrations higher than prior to the event. The magnitude of the CIE, degree of warming and decrease in carbonate content during ETM2 at Walvis Ridge were estimated to represent approximately half of those during the PETM [Lourens et al., 2005] . Because of the lack of a common age model for each site, it has remained unclear, however, to what extent the pattern of dissolution and the CIE during ETM2 was depth-dependent as shown for the PETM McCarren et al., 2008] . Moreover, although Lourens et al. [2005] identified H2, carbon isotope and dissolution records were not generated.
[6] Here we aim to fully assess the patterns, degree and timing of dissolution and the size and depth dependency of the CIE in bulk sediment during ETM2 and H2 at Walvis Ridge. Therefore we generated high-resolution records of carbonate content, > 63 mm sediment fraction wt %, and bulk carbonate stable carbon and oxygen isotopes for four sites drilled during ODP Leg 208.
Materials and Methods
[7] ODP Leg 208 recovered sediment deposited during ETM2 at 5 sites along a 2 km depth transect on the northeastern flank of the Walvis Ridge [Lourens et al., 2005] (Figure 1 (Figure 2 ), with paleowater depths ranging from $1500 m to 3600 m [Zachos et al., 2004] . The sections were sampled continuously at 0.5-1.0 cm resolution and analyzed for carbonate content, coarse fraction wt % and bulk carbonate d 13 C and d 18 O.
[8] For coarse fraction analysis, freeze-dried bulk sediment samples were weighed before they were gently rinsed over 150, 63 and 38 mm sieves. Subsequently they were oven-dried and the weight of all fractions determined. A decrease in the coarse fraction wt % may indicate a drop in preservation, because planktic foraminifera break apart into smaller fragments before complete dissolution [e.g., Schlanger and Douglas, 1974] . In pelagic sediments, however, where the major carbonate constituents are usually nannofossils, the coarse fraction wt % can be an imperfect dissolution proxy [Hancock and Dickens, 2006] .
[9] The carbonate content of the freeze-dried bulk sediment samples was based on the amount of total carbon combusted with the Fison NA 1500 CNS analyzer. It was assumed that the total carbon was carbonate only, because no significant amount of organic carbon had been detected [Lourens et al., 2005] . Calibration to international standard BCR-71 and in-house standard F-TURB, revealed an analytical precision better than 0.5% and 0.1% for C.
[10] Total magnetic susceptibility (MS) measurements of freeze-dried bulk samples were carried out with a Kappabridge KLY-2 magnetic susceptibility meter at Utrecht University and expressed in S.I. units per gram sediment. MS is a sensitive indicator of variations in the concentration of terrigenous material relative to pelagic carbonate [Clemens and Prell, 1991; Verosub and Roberts, 1995] , also at Walvis Ridge [Zachos et al., 2004] and can therefore be used to estimate CaCO 3 wt % [Lourens et al., 2005] . MS shows a less noisy pattern than the measured CaCO 3 wt %, probably caused by the larger and more uniform sample used for the MS analyses, and is therefore chosen to develop the age model. From a second-order polynomial fit between the paired analyses of CaCO 3 wt % and the MS/g we obtain the following estimated CaCO 3 wt % scale: CaCO 3 wt % = À0.0084217468*(MS/g) 2 À 0.7341572721*(MS/g) + 98.0980804665, where R 2 = 0.92 and n = 1068. A comparison of the estimated and measured CaCO 3 wt % shows an error of 1%.
[11] Bulk stable isotope ratios were measured at Utrecht University with an ISOCARB common acid bath carbonate preparation device linked to a VG SIRA24 mass spectrometer. Calibration to the international standard NBS-19 and in-house standards IAEA-CO1 and NAXOS shows that analytical precision was better than 0.05% and 0.10% for d
C and d

18
O respectively. Stable isotope data presented include data generated in this study as well as previously published data generated with the same equipment and procedures [Lourens et al., 2005] .
[12] Spectral analysis was applied to the bulk carbon isotope time series of Sites 1263, 1265 and 1267 using the CLEAN algorithm [Roberts et al., 1987] . A Monte Carlo based method [Heslop and Dekkers, 2002] was used to determine the different levels of significance. The spectra were determined by (1) 10% (i.e., control parameter = 0.1) red noise addition, (2) clean gain factor of 0.1, (3) 500 CLEAN iterations, (4) dt value of 0.5 ka, and (5) a total number of simulation iterations of 1000.
Results
Age Model
[13] A relative age scale for each site was developed assuming a constant flux of terrigenous input and calcium carbonate production. This implies that the estimated sedimentation rates depend only on changes in CaCO 3 content due to preservation/dissolution processes. The maximum CaCO 3 content determined within the study interval was 96% at the shallowest sites. On this basis, we assumed the bulk sediment consists of 96% CaCO 3 and 4% terrigenous material when all (100%) the produced CaCO 3 is preserved. The average sedimentation rate (and absolute value of the terrigenous flux) is finally constrained by the $100 ka time interval (one short-term eccentricity cycle) between ETM2 and H2 [Cramer et al., 2003; Lourens et al., 2005; Westerhold et al., 2007] .
[14] We choose the shallowest Site 1263 as the backbone of our age scale, because it has the highest sedimentation rate as well as the most amplified CIE during ETM2 [Lourens et al., 2005] . At this site we set the reference or zero point at 295.47 m composite depth (mcd), the approximate base of ETM2 [Lourens et al., 2005] . Given a mean estimated CaCO 3 content of the studied interval of 93% and the $100 ka duration of the time interval between the Elmo horizon (at 294.86 mcd) and H2 (at 293.01 mcd), we estimated a constant terrigenous flux of 0.12 cm per ka and an average total sedimentation rate of 1.76 cm per ka. Lowest sedimentation rates are within the Elmo horizon (0.27 cm per ka) and highest (2.6 -2.7 cm per ka) between the Elmo horizon and H2 (Figure 3a) .
[15] The same procedure was applied to the other sites. As reference points, we chose 277.935 mcd at Site 1265, 205.335 mcd at Site 1267 and 117.410 mcd at Site 1262. The absolute flux of terrigenous material as estimated for Site 1263 could not be applied to all sites, because this led to inconsistencies between the age scales of the resulting bulk isotope and CaCO 3 time series. Terrigenous fluxes probably varied across Walvis Ridge, possibly reflecting changes in the terrigenous sources. During the early Paleogene, shallow locations received comparable fluxes of eolian and hemipelagic material, whereas deeper locations received mostly hemipelagic material [Nicolo and Dickens, 2006] . We therefore adopted slightly different values for the terrigenous flux at each site. This approach, however, did not fully resolve the offsets between the various time series, with largest discrepancies occurring within the Elmo horizon of Sites 1262 and 1265. Subsequently, we optimized the correspondence between the time series by gradually changing the terrigenous flux (partly using Gaussian fitting techniques) through the Elmo horizon of these sites until the best fit was achieved with Sites 1263 and 1267 ( Figure 3 ). According to our age model, estimates of mean CaCO 3 content and sedimentation rates of the studied interval for Sites 1262, 1267, and 1265 are 85, 92 and 92%, and 0.8, 1.1 and 1.6 cm per ka, respectively. The systematic decrease in sedimentation rate with depth is consistent with more dissolution at the deeper sites. The average sample resolution is $1 ka for Sites 1262 and 1267 and $0.5 ka for Sites 1263 and 1265.
[16] The marked but minor adjustments in the terrigenous flux across the Elmo horizon of Sites 1265 (decrease) and 1262 (increase) may reflect coring disturbance, rather than true changes in terrigenous flux. In particular, the stiff clay horizon could have been relatively compressed with respect to the surrounding carbonate ooze during coring at Site 1265, but slightly more expanded at Site 1262. Although average terrigenous fluxes are probably well-constrained, short-term fluctuations are difficult to resolve. It can be argued that the terrigenous flux during deposition of the Elmo clay layer was higher than average, because of enhanced continental weathering rates as inferred for the PETM [Ravizza et al., 2001; Sluijs et al., 2008] . We tested this hypothesis by doubling the terrigenous flux during the Elmo horizon at all sites (not shown). The outcome of this test revealed no marked changes in the age model, because the terrigenous flux makes up only a very small part of the sediments studied, and the time interval between ETM2 and H2 is well constrained. Similarly, carbonate production may have varied, but there is also no direct evidence that this has played a significant role.
Bulk Stable Isotope Time Series
[17] The d [18] ETM2 was followed by another episode of decreasing d 13 C values dropped by $0.4%, and then increased at all sites by 0.2% just before the second decrease by$0.4% at $150 ka. The full recovery to baseline d
13 C values took about 27 ka, arriving at a total duration of H2 of approximately 60 ka.
[19] The mean bulk carbon isotope values over the whole studied interval of Sites 1265, 1267 and 1262 are respectively $0.03%, $0.13% and $0.17% higher than at Site 1263 (Figures 4 and 5) . Mean d
18 O values during ETM2 were lower by $0.2% from the shallowest Site 1263 to the deepest Site 1262, but there is no d
18 O gradient between the sites during H2 in contrast to ETM2 (Figure 5 ).
Carbonate Dissolution
[20] From the onset of ETM2, carbonate contents at all sites decreased along with the d 13 C transitions, following a depth-dependent pattern with least dissolution at the shallowest Site 1263 (Figure 4) . During the first transition, starting at 0 ka, the carbonate content declined only slightly (<5 wt %). The second transition, at $18 ka, is most pronounced, especially at the deeper Sites 1262 and 1267. At Site 1267, values dropped from $92 (pre-ETM2) to $73 wt %, then remained relatively stable. At the deepest Site 1262, values decrease almost continuously from $95% at the onset of ETM2 to a minimum value of 36 wt % within the Elmo horizon (Figure 4 ). This second transition is less distinct at the shallower Sites 1263 and 1265 (from 94 to $85 wt %), and is followed by a temporary recovery rather than a plateau. The third transition marks the base of the Elmo horizon at $35 ka, where carbonate wt % decreased by more than 40 wt % at the shallower Sites 1263 and 1265, The lowest values of $36 wt % are found in the Elmo horizon of Site 1262, followed by Site 1267 ($42 wt %), and the shallowest Site 1263 ($41 wt %). A marked exception in this depth-dependent dissolution pattern is the carbonate wt % record of the intermediate Site 1265, which shows less dissolution within the Elmo horizon than all other sites. Above the Elmo horizon, the carbonate content for all sites recovered to pre-ETM2 values within 30 ka, independent of depth. The decrease in carbonate content during H2 was on average less than 10 wt %, with a maximum decrease from $95 to 83 wt % at Site 1267 (Figure 4) . The recovery of the carbonate content to pre-H2 conditions occurred within 10 ka.
[21] To fully understand the pattern of CaCO 3 dissolution during ETM2 the closed sum effect between the CaCO 3 and terrigenous fluxes that biases observed changes in CaCO 3 wt % should be acknowledged [Broecker, 1995] . Our assumption that bulk sediment consists of 96 wt % CaCO 3 in absence of carbonate dissolution, implies that up to 96% of the total CaCO 3 flux is dissolved when the CaCO 3 content reaches 50 wt % (Figure 6 ). We used this relationship to estimate the part of the CaCO 3 flux dissolved over the studied interval. Although small changes in primary productivity or terrigenous flux will change the absolute estimate of carbonate dissolution (with up to a few percent), they will not significantly alter the pattern. Our reconstruction shows that changes in dissolution occurred synchronously between the sites with almost complete CaCO 3 dissolution within the Elmo horizon (95.1 -97.6%). Throughout the studied interval, dissolution of up to 50% is a common feature of the background variation (Figure 6 ), but only within the Elmo and H2 horizons dissolution of more than 80% took place at all sites.
[22] The CaCO 3 dissolution decreased along with the three d 13 C transitions at the onset of ETM2. The first transition is marked by an increase in dissolution of $20%, which produces an absolute minimum at least at Site 1267, although it approximates normal background variations, (Figure 6 ). During this transition, coarse fraction wt % decreased gradually from $4% to a minimum value of $0.5% at Sites 1262 and 1267, whereas values remained almost constant at $2.5% at Sites 1265 and 1263 (Figure 4 ). An additional 40% dissolution marks the second d 13 C transition ( Figure 6 ); at this time the coarse fraction wt % of Sites 1262 and 1267 reached minimum values (<1%), confirming the total dissolution of more than 80% of carbonate at the deepest sites. The coarse fraction wt % of the shallower Sites 1263 and 1265 remained constant also during this transition (Figure 4) . Coarse fraction wt % of the shallower sites increased to $4 wt % just before the third d 13 C transition at the base of the Elmo horizon. Afterward, severe dissolution of more than > 95% took place at all sites, and the coarse fraction wt % of the shallowest Sites 1263 and 1265 dropped to less than 1% (Figure 4) . Recovery of the coarse fraction wt % was almost synchronous between the sites, approximating the recovery phase of the carbonate content at a relative age of $55 ka, with the shallower sites tending to recover slightly faster than the deeper sites.
Spectral Analysis
[23] All d 13 C records of the studied sites reveal significant (80%) spectral power in the precession (20 -24 ka) and short-eccentricity ($115 ka) bands (Figure 7 ). Site 1267, for which our record is long enough, also shows significant power in the long-eccentricity band. Minor peaks were recorded in some of the spectra around 55, 40 and 29 ka, i.e., the obliquity frequency band. To investigate the imprint of eccentricity and precession on the d 13 C records we extracted the peaks significant at 99% and 80%, and plotted the resulting signals as overlays to the original time series (Figure 7) . The various records reveal 3 -5 precessionrelated cycles within ETM2, superimposed on the shortterm (100 -120 ka) eccentricity pacing. The first d 13 C transition marks one precession cycle, whereas the second and third transitions are merged by one ''long'' (i.e., extended) precession cycle (Figure 7) . In contrast, the Figure 6 . (a) The amount of (estimated) carbonate in the sediment plotted versus the (calculated) dissolved calcite. This graph clearly shows that large amounts of dissolution are required before the calcite content of the sediments drops significantly [Broecker, 1995] spectral results of the CaCO 3 dissolution record (Figure 7) show two distinct precession-related cycles, which slightly led the three major transitions in the d 13 C excursion (Figure 7 ). The recovery phase shows one ''long'' (i.e., extended) precession cycle in the carbon isotopes, whereas in the CaCO 3 dissolution record the spectral results show two distinct precession-related cycles. Uncertainty in counting the exact number of precession-related cycles encompassing ETM2 arises mainly from the ambiguous recognition of these cycles within the Elmo horizon and to a lesser degree those on the flanks of the CIE (Figure 7) : if one would use a slightly different estimate of the terrigenous flux within the Elmo horizon of Site 1263, the spectral results of all sites would be different. For example, a longer (or shorter) duration of the Elmo clay layer will result in more (or less) precession cycles within the Elmo horizon. The H2 event comprises 2 -3 precession-related cycles superimposed on the short-term (100 -120 ka) eccentricity pacing.
Discussion
Magnitude of the CIE and Temperature Rise During ETM2 and H2
[24] The major constituents of the pelagic sediments at Walvis Ridge are calcareous nannofossils. The bulk d 13 C records therefore reflect primarily the isotopic composition of the total dissolved inorganic carbon in the lower photic zone where these organisms dominantly calcify [Thomas et al., 2002; Stoll, 2005] . All studied sites are in close proximity, thus underlying the same surface water masses, and bulk isotopic values of exported calcite should be the same at all sites. However, the bulk carbon isotope records show a depth-dependent increase in their mean values over the whole studied interval. Moreover, there was an additional excursion within the Elmo horizon at Site 1263 (Figure 4) .
[25] It is generally assumed that the carbon isotope signal is not much affected by diagenesis (as shown for planktonic foraminifera) [Sexton et al., 2006] or burial depth [Schrag et al., 1995] . Partial dissolution, on the other hand, may have caused an increase in relative abundance of solutionresistant taxa of nannofossils in PETM sediments, such as Discoaster, Sphenolithus and Ericsonia [Gibbs et al., 2004; Tremolada and Bralower, 2004; Stoll et al., 2007; Raffi and De Bernardi, 2008] . Modern species of nannoplankton differ in isotopic signature, so that changes in assemblage composition, but also selective dissolution, may lead to a change in average isotopic value of bulk carbonate [Ziveri et al., 2003] . At Site 690, for instance, partial dissolution during the PETM may have biased the oxygen and carbon isotopes of the bulk sediment by up to 0.5% [Stoll, 2005] . Even outside ETM2 and H2, more carbonate dissolved at the deeper sites than at the shallower sites ( Figure 6 ). If this dissolution was selective, it might explain the depth dependence of the average bulk carbon isotopic composition across the studied interval. It may also explain the gradual decline in d
18
O values by 0.2% from the shallower sites to the deeper sites during ETM2 (Figure 5 ), when carbonate dissolution was at a maximum. This d
O gradient is absent during H2 (Figure 5 ), which is marked by much less severe carbonate dissolution.
[26] It remains uncertain why the additional d
C transition and associated d
18 O excursion, recorded at Site 1263, is absent from the deeper sites. This may have been caused by truncation or by dissolution (i.e., an unconformity), as found for the PETM McCarren et al., 2008] , but the additional excursion at Site 1263 could also have been caused by an overprint of an abiotic (authigenic) carbonate source [Lourens et al., 2005] . Physical evidence for an unconformity has not been found within the Elmo horizon of the deep sites, but this could have been masked by bioturbation.
[27] Thus, the magnitude of the CIE during ETM2 differs between the bulk records of the deeper Sites 1262, 1265, 1267 ($1.0%) and the shallowest Site 1263 ($1.5%), whereas no discrepancy was found between the studied sites for the CIE of H2 ($0.6%). Notwithstanding these uncertainties, the CIE during ETM2 and H2 at Walvis Ridge are amplified with respect to the 0.6-1.0% and 0.2-0.4% found at other locations [e.g., Cramer et al., 2003; Nicolo et al., 2007] . The CIE of Site 1263 as recorded in the surface dweller Acarinina is 2.5%, while the benthic foraminifera Anomalinoides records a CIE of 1% in the deep sea, although it is unclear whether these benthic specimens were bioturbated or in situ [Lourens et al., 2005] . These large differences as yet prohibit an accurate estimate of the global mass and source of carbon released during these events. A CIE range of 0.6-2.5% during ETM2 might be explained for instance by a release of $400-1600 Gt of carbon with a d 13 C À60% (methane) or a release of $1000-4500 Gt of carbon with a d 13 C À22% (organic carbon), assuming a exchangeable carbon reservoir of 38000 Gt [Dickens, 2001; Ridgwell, 2007] .
[28] It was previously shown that the CIE of ETM2 is accompanied by a decrease in the d
18 O of the surface dwelling planktonic foraminifer Acarinina soldadoensis of 1%, suggesting a sea surface temperature (SST) rise of at least 3 -4°C [Lourens et al., 2005] , about half the middle-to high-latitude sea surface temperature changes estimated for the PETM [Kennett and Stott, 1991; Thomas et al., 2002; Zachos et al., 2003] . The bulk d
18
O drop during H2 of 0.5% is about half to one third the bulk d
18 O excursion of -0.7 to -1.5% during ETM2, which may imply a maximum SST rise of 1 -2°C.
CaCO 3 Dissolution
[29] A massive and rapid injection of CO 2 into the ocean and atmosphere will decrease seawater pH and [CO 3 2À ], shoaling of the lysocline and calcite compensation depth (CCD), and dissolution of sedimentary carbonate in the deep ocean [Dickens et al., 1997] . The depth transect of sites on Walvis Ridge revealed a CCD shoaling of more than 2 km within a few thousand years during the PETM . Recovery was gradual, with the fastest return to carbonate preservation at the shallowest Site 1263 after $10 to 15 ka of the CIE onset, and the slowest recovery of $60 ka at the deepest Site 1262. By $110 ka, carbonate content had fully recovered at all sites, including a period of ''overcompensation'' during which the lysocline was located deeper than prior to the event, resulting from [CO 3 2À ] oversaturation [Dickens et al., 1997; Zachos et al., 2005] . Ridgwell [2007] used an intermediate Earth System complexity model (GENIE-1) to simulate the observed changes in carbonate content at Walvis Ridge, and showed that a reduction in bioturbation and a rapid release (<1 ka) of carbon are important factors determining the (asymmetric) shape of the carbonate content record. However, this model, using a single injection at the onset of the event, underestimates the total duration of the PETM [Ridgwell, 2007] , and cannot properly simulate the relative duration of the dissolution horizon at the different sites.
[30] The quasi-symmetric carbonate content patterns of ETM2 and H2 (Figure 4 ) differ significantly from the asymmetric saw-tooth pattern of the records at the PETM, but the dissolution of CaCO 3 occurred synchronously between the sites (Figure 6 ), indicating that changes in the carbonate content are the result of lysocline migration through the water column. The quasi-symmetric shape of records during ETM2 and H2 may be due to the smaller amount of carbon released during these events than during the PETM. Taking the experiments with an injection of 4500 Pg of C [Ridgwell, 2007] as an upper limit for the carbon release during ETM2, one might expect a maximum duration of the CaCO 3 dissolution and recovery interval of $30 ka [see Ridgwell, 2007, Figure 5] . In contrast, however, our age model shows a total duration for ETM2 of about 100 ka (Figure 7) . One possible explanation for this could be that the carbon input did not comprise one single injection but consisted of multiple pulses. This hypothesis is supported by the concurrence of several precessionpaced ($20 ka apart) transitions in our d 13 C and CaCO 3 dissolution records throughout the first 40 ka of ETM2 and the onset of H2. Such a mechanism would extend the total duration of dissolution and recovery compared to the simulated scenarios, which include only a single (rapid) release. Also, there is physical evidence for bioturbation (as revealed in the core photos and as observed during sampling), which might have smoothened the signal, resulting in an overestimate of the time spanning the onset and recovery and an underestimate of the maximum amount of carbonate dissolved, particularly within the Elmo horizon.
[31] Apparently, the d 13 C and CaCO 3 dissolution pattern during ETM2 and H2 reflects the cumulative imprint of a succession of precession-paced carbon inputs into the ocean and atmosphere. This brings up the question how to discriminate between an anomalous event (i.e., methane release) and the regular precession-paced background variations in the early Eocene carbon cycle. In this respect one could argue that the first d 13 C transition and associated carbonate dissolution of up to $60% at the onset of ETM2 and H2 reflects an average background, precession-paced, perturbation in the carbon cycle, while during the successive transitions additional carbon input from also other sources, such as methane hydrates, may have driven the climate to much warmer conditions through enhanced greenhouse gas concentrations and caused severe carbonate dissolution of more than $80% in the deep sea.
CIE Recovery Phase and Weathering Feedbacks
[32] The leading hypothesis to explain the recovery of the lysocline during the PETM is silicate weathering [Dickens et al., 1997; Ravizza et al., 2001; Kelly et al., 2005; Zachos et al., 2005] . This mechanism, however, is less effective on time scales shorter than 100 ka [Ridgwell and Zeebe, 2005] . This suggests that silicate weathering was not the primary mechanism to explain the $30 ka recovery period of ETM2 after deposition of the Elmo horizon. For the modern and future fossil fuel CO 2 injection, terrestrial CaCO 3 neutralization, i.e., weathering of carbonates in soils and at exposed rock surfaces, is expected to renew the ocean [CO 3 2À ] and to bring down the lysocline on short (<20 ka) time scales [Archer et al., 1998; Ridgwell and Edwards, 2007] . Silicate weathering will remove the remaining small amount ($8%) of the CO 2 added to the atmosphere, as well as the 92% of the CO 2 stored in the oceans as HCO 3 À [Archer et al., 1998; Ridgwell and Edwards, 2007] . The rapid recovery of the carbonate system after deposition of the Elmo horizon suggests that terrestrial CaCO 3 neutralization was the driving mechanism.
[33] One might expect that the evolution of the average carbon isotopic signature of the global exogenic carbon reservoir after a massive input of 13 C-depleted carbon would be dependent upon and, hence, similar in character to the burial of carbonate in the deep ocean. To further explore the relationship between CaCO 3 dissolution and bulk d 13 C changes we plotted scatter diagrams between both variables across ETM2 (0 to 100 ka) for each site (Figure 8 ). These plots reveal that the recovery of CaCO 3 to preevent levels was much faster than the recovery of d
13
C values, which is model predicted [Dickens et al., 1997] and shown for the PETM . Additionally, similar to the PETM, the CaCO 3 content was even higher during the final phase of the recovery (>85 ka, Figure 8 ) than prior to ETM2. Apparently, higher CO 2 concentrations and temperatures increased chemical weathering of carbonate rocks (enhancing alkalinity) to supply excess CO 3 2À ions to the ocean. This caused rapid recovery of the lysocline and dilution of the injected 13 C-depleted carbon. As a result of this model-expected [CO 3 2À ] oversaturation [Dickens et al., 1997] , the lysocline descended to a deeper position than prior to the event. A gradual sequestration of the excess 13 C-depleted carbon through burial, as generally inferred to explain the long (>100 ka) exponential shape of the recovery phase of the PETM [e.g., Dickens et al., 1997; Zachos et al., 2005] , appears to have operated for only $50 ka during the recovery phases of ETM2 and H2.
[34] Evidently, the general trend between dissolution and bulk d 13 C at all sites is superimposed by the precessionpaced perturbations throughout ETM2 (Figure 8 ). In contrast to the onset of ETM2 and H2, during the recovery these superimposed variations are in particularly related to CaCO 3 preservation and lysocline depth, rather than to changes in d 13 C (Figures 6 and 8 ). This suggests that ocean alkalinity during the early Eocene was, in addition to the precession-induced perturbations in the carbon cycle, highly responsive to weathering intensity variations. This is in agreement with the pronounced precession-paced color cycles in the interval between the PETM and ETM2 [Lourens et al., 2005; Westerhold et al., 2007] . 
